Mapping of R-SNARE function at distinct intracellular GLUT4 trafficking steps in adipocytes by Williams, Dumaine & Pessin, Jeffrey E.
T
H
E
J
O
U
R
N
A
L
O
F
C
E
L
L
B
I
O
L
O
G
Y
JCB: ARTICLE
© The Rockefeller University Press    $30.00
The Journal of Cell Biology, Vol. 180, No. 2, January 28, 2008 375–387
http://www.jcb.org/cgi/doi/
JCB 375 
10.1083/jcb.200709108
  Correspondence to Jeffrey E. Pessin: pessin@pharm.stonybrook.edu 
  Abbreviations used in this paper: ANOVA, analysis of variance; VAMP, vesicle-
associated membrane protein. 
    The online version of this article contains supplemental material.   
        Introduction 
 Traffi  cking between different intracellular membrane compart-
ments involves transport vesicle intermediates that are gener-
ated at donor membranes and are then delivered to specifi  c 
acceptor membranes (  Boehm and Bonifacino, 2001;   for reviews 
see   Hong, 1998, 2005  ). The fi  nal step of this process is the phys-
ical fusion of vesicular traffi  cking intermediates with the target 
membrane compartment. This fusion step is mediated by the 
interactions of vesicle-associated SNARES and target SNARES 
(  Sollner et al., 1993; Chen and Scheller, 2001  ). Specifi  c inter-
action between a vesicle-SNARE and the cognate target-SNARE 
leads to the formation of a SNAREpin complex in which four 
SNARE motifs assemble into a twisted parallel four-helical bun-
dle (for review see   Hong, 2005  ). It is this helical structure that 
catalyzes the fusion of vesicles with their target compartments. 
SNARE proteins belong to a superfamily consisting of   >  35 pro-
teins that share a common structural SNARE domain (  Weimbs 
et al., 1997  ). Based on structural considerations required for the 
formation of the fusogenic SNAREpin complex, the SNARE pro-
teins have been further classifi  ed into R-SNAREs and Q-SNAREs 
depending on whether the central amino acid in the SNARE do-
main is an arginine (R-SNARE) or a glutamine (Q-SNARE) 
residue, respectively (  Bock et al., 2001  ). 
  The vesicle-associated membrane protein (VAMP) sub-
family of R-SNARES consists of seven members: VAMP1 
(synaptobrevin 1), VAMP2 (synaptobrevin 2), VAMP3 (cellu-
brevin), VAMP4, VAMP5 (myobrevin), VAMP7 (tetanus toxin 
insensitive [TI]  –  VAMP), and VAMP8 (endobrevin; for review 
see   Hong, 2005  ). VAMP1 is primarily expressed in neurons, 
whereas the other VAMP isoforms are more ubiquitously ex-
pressed in secretory and nonsecretory cells (  Lin and Scheller, 
2000  ). However, the traffi  cking steps that use each of these iso-
forms have been more diffi  cult to establish, as there is substan-
tial overlap in subcellular localization, and a given isoform can 
be localized to multiple intracellular compartments in the same 
cell (for review see   Hong, 2005  ). Moreover, the intracellular 
distribution of a given isoform is not necessarily the same in 
different cell types. For example, VAMP5 and 7 are found at the 
plasma membrane, but VAMP7 is also in late endosomes and 
lysosomes (  Zeng et al., 1998; Lin and Scheller, 2000  ; for review 
see   Hong, 2005  ). VAMP4 is found in the TGN but also in early 
endosome compartments (  Advani et al., 1998  ;   Steegmaier et al., 
1999; Mallard et al., 2002 ). Similarly, VAMP3 has been observed 
in recycling endosomes, specialized regulatory secretory com-
partments, and in early and late endosomes (  McMahon et al., 
1993; Galli et al., 1994  ;   Lin and Scheller, 2000  ). 
  One physiologically important hormone-regulated traf-
fi  cking event is the insulin-stimulated translocation of the facili-
tative glucose transporter (GLUT4) from intracellular vesicle 
compartments to the plasma membrane in adipocytes and skeletal 
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overlap in subcellular localization and because in vitro 
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promiscuous. Therefore, to functionally identify the site of 
action of the vesicle-associated membrane protein (VAMP) 
family of R-SNAREs, we have taken advantage of the tem-
poral requirements of adipocyte biosynthetic sorting of a 
dual-tagged GLUT4 reporter (myc-GLUT4-GFP) coupled 
with small interfering RNA gene silencing. Using this 
  approach, we conﬁ   rm the requirement of VAMP2 and 
VAMP7 for insulin and osmotic shock trafﬁ  cking from the 
vesicle storage sites, respectively, and fusion with the 
plasma membrane. Moreover, we identify a requirement 
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compartment, VAMP8, for plasma membrane endocytosis 
and VAMP2 for sorting to the specialized insulin-responsive 
compartment after plasma membrane endocytosis.
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distinguish four traffi  cking events responsible for (1) biosynthetic 
entry of GLUT4 into the insulin-responsive storage com  part-
ment, (2) trafficking from the storage sites and fusion with 
the plasma membrane, (3) plasma membrane endocytosis, and 
(4) endo  cytotic recycling back into the insulin-responsive intra-
cellular storage location. Using siRNA to reduce R-SNARE 
expression coupled with the expression of a myc-GLUT4-GFP 
dual reporter, we have confi  rmed the requirement of VAMP2 
and 7 for insulin and osmotic shock  –  stimulated translocation. 
Moreover, we successfully identifi  ed the functional sites of ac-
tion for VAMP2, 4, 7, and 8 in distinct steps in the regulated 
traffi  cking of GLUT4 in adipocytes. 
  Results 
  Expression and subcellular localization of 
VAMP proteins in 3T3L1 adipocytes 
  To determine which of the VAMP family of R-SNARE proteins 
are expressed in adipocytes, we examined the levels of these 
proteins in predifferentiated adipocytes (day 0) and during their 
differentiation to full mature adipocytes (day 12). The conver-
sion of 3T3L1 from fi  broblast to adipocyte state was confi  rmed 
by the appearance of lipid droplets (unpublished data) and the 
induction of caveolin 1 protein that is highly induced during 
 adipogenesis ( Fig. 1 A  ; Scherer et al., 1994; Kandror et al., 1995 ). 
As expected, VAMP1 was expressed in mouse brain extracts, 
but it was essentially undetectable in either 3T3L1 preadipocytes 
or differentiated adipocytes (  Fig. 1 A  ). In contrast to VAMP1, 
all of the other VAMP proteins were expressed, albeit with small 
changes occurring during adipogenesis. For example, the protein 
muscle (  Watson and Pessin, 2001  ). In the basal state,    95 – 98% 
of the GLUT4 protein is intracellular localized, and, after insu-
lin stimulation, there is a marked increase in the rate of exo-
cytosis with a smaller inhibition of plasma membrane endocytosis 
(  Pessin et al., 1999; Holman and Sandoval, 2001  ;   Martin et al., 
2006  ). This relative change in kinetic transport rates results in a 
redistribution such that     50% of the GLUT4 protein is now at 
the cell surface membrane that directly accounts for the insulin-
stimulated increase in glucose uptake activity (  Pessin et al., 
1999; Holman and Sandoval, 2001  ). After the removal of insulin, 
the rate of exocytosis and endocytosis returns to the basal kinetic 
rates such that GLUT4 endocytosis now exceeds exo  cytosis, 
resulting in the internalization, endocytic recycling, and repopula-
tion of the GLUT4 intracellular membrane storage compartments 
that are accessible for a second round of insulin stimulation 
(  Martin et al., 2006  ). 
  Of the known 35 SNARE proteins, only a small subset 
have been examined for their role in GLUT4 traffi  cking. For ex-
ample, syntaxin 4 and SNAP23 are thought to be the Q-SNAREs 
required for insulin-stimulated GLUT4 plasma membrane fusion, 
and syntaxin 6 and 16 are thought to be required for intracellular 
sorting (  Rea et al., 1998  ;   Perera et al., 2003  ;   Shewan et al., 
2003; Proctor et al., 2006  ). In the case of the VAMP family of 
R-SNAREs, only VAMP2 and 7 have been examined in terms of 
insulin- and osmotic shock  –  stimulated plasma membrane trans-
location, but their role in specifi  c traffi  cking steps were not 
defi  ned (  Cheatham et al., 1996  ;   Rea et al., 1998; Randhawa et al., 
2004 ). Thus, to functionally identify the site of action of the VAMP 
family of R-SNAREs in the traffi  cking itinerary of GLUT4 in 
adipocytes, we have developed an assay approach that can readily 
  Figure 1.       Expression and siRNA-mediated gene silencing of VAMP proteins in 3T3L1 adipocytes.   (A) Total cell extracts were prepared from 3T3L1 cells 
before the initiation of differentiation and at 4, 8, and 12 d after differentiation. The cell extracts were then immunoblotted for VAMP proteins and caveolin-1 
(Cav-1). (B) Fully differentiated adipocytes were transfected with random or VAMP-speciﬁ  c siRNA constructs. Total cell extracts were prepared 72 h later and 
immunoblotted for the presence of VAMP proteins. Representative immunoblots from three independent experiments are shown.     377  TRAFFICKING STEPS OF R-SNARE FUNCTION   •   WILLIAMS AND PESSIN
  Effects of VAMP knockdowns on the 
translocation of GLUT4 
  Previously, we have demonstrated that adipocytes transfected 
with various constitutive plasma membrane traffi  cking proteins 
(i.e., GLUT1 and vesicular stomatitis virus glycoprotein) under-
  go a rapid sorting out of the Golgi/TGN biosynthetic endo-
membrane system (  Watson et al., 2004  ). On the other hand, 
GLUT4 undergoes a slow sorting process out of the endomem-
brane system that requires 9  –  12 h to populate the membrane 
vesicle compartments and acquire insulin-responsive transloca-
tion to the plasma membrane (  Watson et al., 2004  ). Because 
  introduction of the VAMP siRNA did not affect VAMP pro-
tein levels between 12 and 24 h and was maximal by 72 h, co-
expression of the VAMP siRNA with the myc-GLUT4-GFP 
cDNA effectively allows the GLUT4 reporter to be expressed 
and to traffi  c into the insulin-responsive membrane compart-
ments before any signifi  cant reduction in the VAMP protein. 
Thus, in this experimental paradigm, we cotransfected the spe-
cifi  c VAMP siRNAs with myc-GLUT4-GFP for 72 h and quan-
tifi  ed the insulin stimulation of GLUT4 reporter translocation 
(  Fig. 2  ). As expected, for adipocytes cotransfected with the 
random siRNA and myc-GLUT4-GFP for 72 h and stimulated 
with 100 nM insulin for 30 min, there was an approximate 
10-fold increase in the plasma membrane  –  localized GLUT4 com-
pared with unstimulated cells. Reduction of VAMP2 expres-
sion had no signifi  cant effect on the basal state distribution of 
myc-GLUT4-GFP at the plasma membrane but attenuated the 
insulin-stimulated translocation by     60%. In contrast, siRNA-
mediated knockdowns of the other VAMP proteins were without 
any signifi  cant effect. 
expression levels of VAMP2, 3, 5, and 7 were somewhat increased, 
whereas VAMP4 and 8 protein levels remained relatively un-
changed during adipocyte differentiation. 
  Reduction of VAMP protein expression 
by siRNA 
 Because the function of VAMP proteins cannot be inferred based 
on their intracellular distribution and expression of dominant-
interfering mutants will likely affect several family members 
as a result of their structural similarity, we examined the effi  -
ciency and specifi  city of siRNA to reduce VAMP protein ex-
pression levels. Preliminary experiments demonstrated that after 
siRNA transfection, there was little effect of VAMP protein 
expression 24 h later, but that subsequently declined over the 
next 48 h and, with optimum reduction of protein expression, 
occurred by 72 h after transfection (Fig. S1, available at http://
www.jcb.org/cgi/content/full/jcb.200709108/DC1). As shown 
in   Fig. 1 B  , siRNA treatment resulted in a signifi  cant reduction 
in the levels of each VAMP protein compared with cells treated 
with a control construct containing a random siRNA sequence. 
Quantifi  cation of the degree of siRNA-mediated knockdowns 
indicated that by 72 h, the extent of VAMP protein reduction 
ranged from 68 to 94% compared with random siRNA-treated 
cells (Fig. S2). Notably, knockdown of each protein was spe-
cifi  c, as the siRNA constructs did not result in signifi  cant changes 
in the levels of the nontargeted family members. Therefore, in 
the 3T3L1 adipocyte cell system, siRNA-mediated silencing 
is an effective mechanism for reducing the expression of specifi  c 
members of the VAMP protein family without affecting closely 
related proteins. 
  Figure 2.       The effect of VAMP knockdowns on insulin-
stimulated myc-GLUT4-GFP reporter translocation.   
Fully differentiated 3T3L1 adipocytes were cotrans-
fected with a random siRNA or VAMP-speciﬁ  c siRNA 
plus the myc-GLUT4-GFP reporter cDNA. 72 h later, 
the cells were either left untreated or stimulated with 
100 nM insulin for 30 min. The cells were ﬁ  xed and 
subjected to confocal ﬂ  uorescent microscopy for the 
localization of myc-GLUT4-GFP. These data represent 
the analysis of 15 cells/experiment from three to ﬁ  ve 
inde  pendent experiments. Statistical analysis was per-
formed using a one-way ANOVA followed by the 
Student-Newman-Keuls multiple range test. Identical 
letters indicate bars that are not statistically different 
from each other (P   <   0.05). Error bars represent SD.     JCB • VOLUME 180 • NUMBER 2 • 2008  378 
detect any phenotype. It was previously reported that VAMP7 
(TI-VAMP) was necessary for osmotic shock – mediated GLUT4 
translocation (  Randhawa et al., 2004  ). Therefore, we cotrans-
fected the VAMP siRNA with myc-GLUT4-GFP and, 72 h later, 
compared the basal and osmotic shock stimulation of GLUT4 
translocation ( Fig. 4 ). Adipocytes depleted of VAMP7 displayed 
a 70% decrease in osmotic shock  –  stimulated GLUT4 transloca-
tion, whereas siRNA-mediated knockdown of VAMP2, 3, 4, 5, 
and 8 were without effect. We next transfected the adipocytes 
with siRNA-resistant VAMP2 and 7 to confi  rm the specifi  city of 
the VAMP2 and 7 knockdowns. As shown in   Fig. 5  , expression 
of a VAMP2 siRNA-resistant cDNA restored insulin-stimulated 
but not osmotic shock  –  stimulated GLUT4 translocation in the 
VAMP2 knockdown cells. In contrast, expression of a VAMP7 
siRNA-resistant cDNA restored osmotic shock  –  stimulated but 
not insulin-stimulated GLUT4 translocation in the VAMP7 
knockdown adipocytes. Similarly, knockdown of VAMP2 in-
hibited insulin-stimulated glucose uptake without affecting 
osmotic shock  –  mediated glucose uptake (Fig. S3, available at 
 To  confi  rm this effect on translocation of the endogenous 
GLUT4 protein, we also generated plasma membrane sheets 
from cells transfected for 72 h with random and VAMP-specifi  c 
siRNAs (  Fig. 3  ). Plasma membrane sheets isolated from ran-
dom siRNA-treated control cells had a relatively low level of 
immunoreactive GLUT4 in the basal state (  Fig. 3   a). Insulin 
stimulation resulted in translocation of the endogenous GLUT4 
protein as depicted by the increase in plasma membrane sheet 
immunofl  uorescence (  Fig. 3   b). In agreement with the results 
obtained using the myc-GLUT4-GFP reporter construct, the 
depletion of VAMP2 resulted in reduced plasma membrane 
sheet immunofl  uorescence after insulin stimulation (  Fig. 3   d). 
Depletion of the other VAMP proteins resulted in a transloca-
tion profi  le that was similar to random siRNA-treated cells (  Fig. 3,   
e  –  n). These data suggest that once GLUT4 is localized to the 
insulin-responsive compartment, only VAMP2 is required for 
insulin-stimulated translocation to the plasma membrane 
 Alternatively, it is possible that levels of the siRNA-mediated 
protein knockdowns for the other VAMPs were insuffi  cient to 
  Figure 3.       The effect of VAMP knockdowns on the translocation of endogenous GLUT4 protein.   Fully differentiated 3T3L1 adipocytes were transfected with 
a random siRNA or a VAMP-speciﬁ  c siRNA. 72 h later, the cells were either left untreated or stimulated with 100 nM insulin for 30 min. Plasma membrane 
sheets were prepared and subjected to confocal ﬂ  uorescent microscopy for the presence of the endogenous GLUT4 protein. Representative images taken 
from three independent experiments are shown. Bar, 20     m.     379  TRAFFICKING STEPS OF R-SNARE FUNCTION   •   WILLIAMS AND PESSIN
GLUT4 translocation. In contrast, the profi  le for VAMP3, 5, 7, 
and 8 knockdown cells was similar to that of random siRNA-
treated control cells, indicating proper sorting and sequestration 
into the insulin-responsive compartment. Surprisingly, when 
our GLUT4 reporter construct was introduced in cells depleted 
of VAMP4, there was a high percentage of GLUT4 at the plasma 
membrane in the basal state. Despite the higher basal state plasma 
membrane distribution, the VAMP4 knockdown cells did show 
translocation in response to insulin stimulation, and the extent 
of translocation was similar to that of control cells. These data 
indicate that the loss of VAMP4 protein results in the biosyn-
thetic sorting of GLUT4 to the constitutive traffi  cking pathway, 
although a substantial proportion can still sort to the insulin-
 responsive  compartment. 
  If VAMP4 depletion results in the biosynthetic sorting of 
GLUT4 to the constitutive traffi  cking pathway, another VAMP 
must be required for basal state translocation to the plasma mem-
brane. Therefore, we cotransfected adipocytes with the siRNA 
for VAMP4 plus VAMP2, 3, 5, 7, or 8 for 60 h followed by the 
expression of myc-GLUT4-GFP for 12 h (  Fig. 6 B  ). As previ-
ously observed, siRNA knockdown of VAMP4 resulted in an 
increased basal state translocation of GLUT4 to the plasma mem-
brane, but the translocation still displayed insulin responsive-
ness. Simultaneous siRNA-mediated reduction of both VAMP4 
and 2 protein levels had no effect on the high basal state trans-
location of GLUT4 but, in this case, completely prevented the 
 insulin-stimulated translocation. In contrast, siRNA knockdown 
of VAMP4 with VAMP3, 5, or 8 had no effect on the high basal 
state or insulin-stimulated translocation of GLUT4. In contrast, 
the coknockdown of both VAMP4 and 7 reduced the basal state 
traffi  cking of newly synthesized GLUT4 to the plasma membrane 
http://www.jcb.org/cgi/content/full/jcb.200709108/DC1). Con-
versely, VAMP7 depletion inhibited osmotic shock  –  stimulated 
glucose uptake but had no effect on insulin-stimulated glucose 
uptake. Collectively, these data are consistent with VAMP2 
being required for insulin-stimulated GLUT4 translocation, 
whereas VAMP7 is required for the osmotic shock  –  stimulated 
translocation from the GLUT4 storage compartment to the 
plasma membrane. 
  Effects of VAMP knockdowns on the 
biosynthetic sorting of GLUT4 into the 
insulin-responsive compartment 
  As indicated in the previous section, after biosynthesis and 
Golgi/TGN processing, GLUT4 is directly sorted into the insulin-
responsive compartment without having to transit the plasma 
membrane (  Watson et al., 2004  ). To identify the VAMP proteins 
involved in the initial biosynthetic sorting to the insulin-responsive 
compartment, we transfected adipocytes with the VAMP siRNAs 
and waited 60 h for the reduction of VAMP protein expression. 
We then transfected the cells with the myc-GLUT4-GFP reporter 
and, 12 h later, examined insulin-stimulated GLUT4 translocation. 
As shown in   Fig. 6 A  , random siRNA-treated cells showed the 
expected profi  le of intracellular localization in the basal state, 
which is indicative of sorting and sequestration into intracellular 
storage compartments. In response to insulin, the GLUT4 re-
porter construct redistributed to the plasma membrane, indi-
cating that the GLUT4 in these intracellular compartments was 
in fact insulin responsive. Because VAMP2 is required for insulin-
stimulated translocation out of the insulin-responsive compart-
ment, siRNA-mediated knockdown of VAMP2 followed by 
myc-GLUT4-GFP expression also inhibited insulin-stimulated 
  Figure 4.       The effect of VAMP knockdowns on osmotic 
shock  –  stimulated myc-GLUT4-GFP reporter translocation.   
Fully differentiated 3T3L1 adipocytes were cotrans-
fected with a random siRNA or VAMP-speciﬁ  c siRNA 
plus the myc-GLUT4-GFP reporter cDNA. 72 h later, 
the cells were either left untreated or stimulated with 
600 mM sorbitol for 30 min. The cells were ﬁ  xed and 
subjected to confocal ﬂ  uorescent microscopy for the 
localization of myc-GLUT4-GFP. These data represent 
the analysis of 15 cells/experiment from three to ﬁ  ve 
independent experiments. Statistical analysis was per-
formed using a one-way ANOVA followed by the 
Student-Newman-Keuls multiple range test. Identical 
letters indicate bars that are not statistically different 
from each other (P   <   0.05). Error bars represent SD.     JCB • VOLUME 180 • NUMBER 2 • 2008  380 
epitope (  Fig. 7  ). In control cells, the   t  1/2   for endocytosis was 
    28 min, which is in agreement with previous studies reporting 
an approximate   t  1/2   of 20 min (  Satoh et al., 1993; Al-Hasani et al., 
2002  ;   Kanzaki et al., 2004  ;   Karylowski et al., 2004  ), although 
somewhat slower than a   t  1/2   of     4 min observed by   Yang et al. 
(1996  ). In any case, the VAMP2, 3, 4, 5, and 7 siRNA knock-
down cells showed a rate of endocytosis that was essentially 
identical to the control cells. In contrast, in VAMP8 knockdown 
cells, the extent of GLUT4 endocytosis was signifi  cantly re-
duced compared with the control and other VAMP knockdown 
cells. These data demonstrate that VAMP8 plays a functional 
role in the plasma membrane retrieval of GLUT4. 
  After plasma membrane endocytosis, GLUT4 undergoes 
recycling back to the insulin-responsive compartment to become 
available for a second round of insulin-stimulated translocation. 
To assess the VAMP protein responsible for recycling back to 
the insulin-responsive compartment, we allowed the exofacial 
myc-labeled GLUT4 reporter to internalize for 6 h, restimulated 
the cells with insulin, and assayed for insulin-dependent trans-
location (  Fig. 8  ). The random siRNA-treated cells showed an 
approximate 2.5-fold increase in the amount of GLUT4 at the 
plasma membrane after insulin stimulation. This fold increase 
is     50% less than the translocation observed in the direct trans-
location experiments because we are only observing the popula-
tion of GLUT4 that has been exofacially labeled and, once 
internalized, mixes with the unlabeled GLUT4 population. This 
mixing of the surface label GLUT4 with the intracellular un-
labeled GLUT4 and subsequent reduction in the labeled GLUT4 
that is translocated after a second round of insulin-stimulated 
translocation have been described previously (  Satoh et al., 1993  ). 
The second round of insulin-stimulated GLUT4 translocation in 
yet allowed the full extent of insulin-stimulated translocation. 
These data indicated that in the absence of VAMP4, approxi-
mately half of the newly synthesized GLUT4 protein sorts to a 
VAMP7-dependent compartment, whereas the other half sorts to 
a VAMP2-dependent compartment. 
  Effects of VAMP knockdowns on GLUT4 
endocytosis 
  In addition to the biosynthetic sorting steps to the insulin-
 responsive compartment and regulated translocation to the plasma 
membrane, there are additional mechanisms to ensure that GLUT4 
undergoes proper endocytosis and recycling back to the insulin-
responsive storage sites for subsequent rounds of insulin-stimulated 
translocation. Therefore, we assayed whether the depletion of 
VAMP proteins would affect the ability of cells to effi  ciently 
  retrieve GLUT4 from the plasma membrane. 
  In the fi  rst set of experiments shown in   Fig. 7  , we ad-
dressed this issue by taking advantage of the exofacial myc 
  epitope on our GLUT4 reporter protein. In this experimental 
paradigm, adipocytes were cotransfected with the siRNA and 
myc-GLUT4-GFP reporter for 72 h and were stimulated with 
insulin to translocate myc-GLUT4-GFP to the cell surface as 
described in   Fig. 2  . It should be noted that although there was a 
reduced amount of plasma membrane myc-GLUT4-GFP in the 
VAMP2 siRNA knockdown cells, the amount at the cell surface 
was suffi  cient to determine the rate and extent of endocytosis. 
In any case, the exofacial myc epitope was then labeled with the 
myc antibody at 4  °  C, and the cells were warmed to 37  °  C for 
various times in the absence of insulin. The time-dependent 
  appearance of intracellular localized myc antibody was deter-
mined and quantifi  ed as a percentage of the total labeled myc 
  Figure 5.       VAMP isoform  –  speciﬁ   c rescue of 
the VAMP2 and 7 knockdowns in insulin- and 
osmotic shock  –  stimulated GLUT4 translocation.   
Fully differentiated 3T3L1 adipocytes were co-
transfected with random siRNA, VAMP2- or 
7-speciﬁ  c siRNA, the GLUT4 reporter construct, 
and a VAMP2- or 7-resistant cDNA. 72 h later, 
the cells were either left untreated or stimulated 
with 100 nM insulin or 600 mM sorbitol for 
30 min. The cells were ﬁ  xed and subjected to 
confocal ﬂ  uorescent microscopy for localization 
of the GLUT4 reporter. These data represent 
the analysis of 15 cells/experiment from three 
independent experiments. Statistical analysis 
was performed using a one-way ANOVA fol-
lowed by the Student-Newman-Keuls multiple 
range test. Identical letters indicate bars that 
are not statistically different from each other 
(P   <   0.05). Error bars represent SD.     381  TRAFFICKING STEPS OF R-SNARE FUNCTION   •   WILLIAMS AND PESSIN
GLUT4 at the plasma membrane after 6 h of internalization. 
Thus, upon insulin restimulation, there was only a small effect of 
insulin to stimulate translocation. 
  Therefore, to determine whether VAMP8 also plays a role 
in the endocytotic recycling back to the insulin-responsive com-
partment, we need to remove or ablate the high plasma mem-
brane GLUT4 label after endocytosis in the VAMP8 knockout 
cells. This was accomplished by masking the residual myc label 
remaining at the plasma membrane. The endocytosis assay was 
the VAMP3, 4, 5, and 7 knockdown cells was similar to that of 
control cells, indicating that these VAMPs do not play a signifi  -
cant role in the recycling of internalized GLUT4 to the insulin-
responsive compartment. Although the VAMP2 knockdown cells 
showed an inhibition of translocation in response to insulin 
compared with the control cells, this was most likely caused by 
the inhibition of translocation from the insulin-responsive com-
partment to the plasma membrane (  Fig. 2  ). Consistent with the 
results in   Fig. 7  , VAMP8 knockdown cells showed high levels of 
  Figure 6.       The effects of VAMP knockdowns on the sorting 
of newly synthesized GLUT4.   (A) Fully differentiated 3T3L1 
adipocytes were transfected with a random siRNA or VAMP-
speciﬁ   c siRNA. (B) Fully differentiated adipocytes were co-
transfected with a random siRNA or VAMP4-speciﬁ  c siRNA 
in combination with the indicated VAMP-speciﬁ   c siRNA. 
(A and B) 60 h later, the cells were transfected with the 
myc-GLUT4-GFP reporter construct. 12  –  16 h later, the cells were 
left untreated or stimulated with 100 nM insulin for 30 min. 
The cells were ﬁ  xed and subjected to confocal ﬂ  uorescent 
  microscopy for the localization of myc-GLUT4-GFP. These 
data represent the analysis of 15 cells/experiment from three 
independent experiments. Statistical analysis was performed 
using a one-way ANOVA followed by the Student-Newman-
Keuls multiple range test. Identical letters indicate bars that are 
not statistically different from each other (P   <   0.05). Error bars 
represent SD.     JCB • VOLUME 180 • NUMBER 2 • 2008  382 
  Discussion 
  One of the key features of intracellular membrane traffi  cking is 
the dependence of vesicular fusion on cognate SNARE proteins 
to facilitate the transfer of membrane proteins and luminal car-
goes (for review see   Rothman, 1994  ). Currently, there are nine 
R-SNARE and 26 Q-SNARE genes in mammalians with various 
splice variants that display complex and overlapping intracellular 
compartmentalization. Part of this complexity is based on the 
fact that after SNAREpin assembly, trans-SNAREs are trans-
ferred to the opposite recipient membrane, resulting in localiza-
tion to the cis-membrane. Moreover, although a subset of possible 
SNAREpin complexes have been shown to display specifi  city 
in vitro, most SNAREpin complexes appear to be promiscuous 
in promoting in vitro fusion reactions (  Tsui and Banfi  eld, 2000  ; 
  Wendler and Tooze, 2001; Bajohrs et al., 2005  ). In this regard, 
many laboratories have investigated the cellular traffi  cking func-
tions of various SNARE proteins, and typically this has been done 
using multiple different cell types and cargo/reporter proteins 
(  Bose et al., 2005  ;   Pocard et al., 2007  ;   Tran et al., 2007  ). 
  Thus, we undertook a systematic approach to identify the 
functional sites of action of the VAMP family of R-SNAREs in 
performed as described in the previous paragraph on random or 
VAMP8-specifi  c siRNA-treated cells. However, in this modi-
fi  ed protocol, after 6 h at 37  °  C, the unpermeabilized cells were 
treated with AlexaFluor647 anti  –  mouse secondary antibody at 
4  °  C to label the residual myc-GLUT4-GFP at the cell surface. 
Cells were then washed and treated with or without 100 nM 
insulin for 30 min followed by fi  xing and labeling with Alexa-
Fluor594 anti  –  mouse secondary antibody. The percentage of 
internalized, unblocked GLUT4 (AlexaFluor594-labeled GLUT4) 
at the cell surface was then determined for each condition by 
confocal microscopy. 
  As shown in   Fig. 9 A  , using this approach, there was more 
residual GLUT4 at the plasma membrane after warm-up in 
VAMP8-defi  cient cells compared with control cells. However, 
the population of internalized GLUT4 showed a similar fold in-
crease upon insulin stimulation in control and VAMP8 siRNA-
treated cells (  Fig. 9 B  ). Collectively, these data demonstrate that 
in the absence of VAMP8, GLUT4 is not effectively internalized 
from the plasma membrane. However, the population of GLUT4 
that is in fact endocytosed in VAMP8-defi  cient cells is effectively 
resorted to the insulin-responsive compartment and, thus, is able 
to respond to a second round of insulin stimulation. 
  Figure 7.       The effects of VAMP knockdowns on GLUT4 endocytosis.   Fully differentiated adipocytes were cotransfected with a random siRNA or VAMP-speciﬁ  c 
siRNA plus the myc-GLUT4-GFP cDNA reporter. 72 h later, the cells were stimulated with 100 nM insulin for 30 min and cooled to 4  °  C. The exofacial 
exposed myc epitope was labeled with a myc antibody, and the cells were washed to remove insulin and excess antibody and subsequently were warmed 
to 37  °  C. At various times, the cells were ﬁ  xed, permeabilized, and incubated with an AlexaFluor594 anti  –  mouse secondary antibody, and the cells were 
scored for the presence of internalized GLUT4 as described in Materials and methods. These data represent the analysis of 15 cells/experiment from three 
independent experiments. Error bars represent SD.     383  TRAFFICKING STEPS OF R-SNARE FUNCTION   •   WILLIAMS AND PESSIN
class I protein. Using these criteria, we have defi  ned VAMP4 as 
a class I protein, whereas VAMP2 and VAMP7 act as class II 
proteins for insulin-stimulated and osmotic shock  –  stimulated 
GLUT4 translocation, respectively. 
 The  identifi  cation of VAMP2 as a class II protein is con-
sistent with earlier studies in which GLUT4 translocation was 
inhibited by the injection of VAMP2 neurotoxins and the over-
expression of dominant-interfering VAMP2 proteins and peptides 
(  Cheatham et al., 1996  ;   Olson et al., 1997; Martin et al., 1998 ). 
Similarly, in L6 myotubes, VAMP7 (TI-VAMP) was reported 
to be required for osmotic shock  –  stimulated GLUT4 trans-
location (  Randhawa et al., 2004  ), and our siRNA classifi  cation 
paradigm has confi  rmed this fi  nding in adipocytes. Although 
the physiological signifi  cance of osmotic shock  –  induced GLUT4 
translocation is not known, previous studies have demonstrated 
that this pathway occurs in a phosphoinositol-3-kinase  –   and 
Akt-independent pathway ( Chen et al., 1997 ;  Sajan et al., 2002 ). 
Thus, the distinct requirement of VAMP2 as a class II protein for 
insulin-stimulated translocation and VAMP7 for osmotic shock –
  stimulated plasma membrane translocation is consistent with two 
distinct vesicle populations that are independently mobilized via 
different signaling pathways. 
 The  identifi  cation of VAMP4 as a class I protein is also 
consistent with studies in fi  broblasts suggesting that VAMP4 
traffi  cs from endosomes to the TGN and is involved in the retro-
grade transport of immature insulin secretory granule pro-
teins to the TGN (  Steegmaier et al., 1999  ;   Kakhlon et al., 2006  ; 
  Tran et al., 2007  ). Thus, although the partial basal state missort-
ing of GLUT4 to the plasma membrane could be the result of the 
incomplete knockdown of VAMP4, it is more likely that there 
are two GLUT4 traffi  cking pathways out of the TGN (  Fig. 10  ). 
One pathway is VAMP2 dependent and accounts for the sort-
ing to the insulin-responsive compartment. The other utilizes 
VAMP7 to sort into an osmotic shock  –  sensitive compartment. 
the traffi  cking of GLUT4 in adipocytes, a critical physiological 
cell system that is one of only a few that display hormone-regulated 
membrane protein traffi  cking (  Mora and Pessin, 2002  ;   Watson 
et al., 2004  ). To accomplish this, we took advantage of the bio-
synthetic and traffi  cking properties of insulin-regulated cargo 
in adipocytes that allow us to categorize four general sites of 
  action. Previous studies have demonstrated that after biosynthesis, 
GLUT4 and another insulin-regulated membrane cargo protein, 
insulin-responsive aminopeptidase, undergo a 9 – 12-h Golgi/TGN 
sorting step before entering the insulin-responsive compartment 
without transiting the plasma membrane ( Watson et al., 2004  ; 
  Liu et al., 2005  ). Therefore, we propose that proteins affecting 
the direct sorting of GLUT4 after Golgi/TGN processing into 
the insulin-responsive compartment be considered as class I 
proteins (  Fig. 10  ). Subsequently, once in the insulin-responsive 
compartment, proteins that affect the ability of insulin or other 
stimuli to stimulate GLUT4 translocation to the plasma membrane 
can be categorized as class II proteins. 
  With these defi  nitions, how can we experimentally distin-
guish between these two events? This was accomplished by 
  alternating the temporal expression of GLUT4 versus the ablation 
of the protein of interest. In the case of the R-SNAREs reported 
here, we coexpressed GLUT4 with the VAMP siRNAs. Because 
newly synthesized GLUT4 requires 9  –  12 h to display insulin 
responsiveness and signifi  cant VAMP protein reduction requires 
a minimum of 48 h, this effectively allowed GLUT4 to be ex-
pressed fi  rst and equilibrate in all of its appropriate compart-
ments before loss of a VAMP protein. Thus, any knockdown 
that affected GLUT4 translocation under these conditions would 
involve a class II protein, as the GLUT4 is already localized to 
the insulin-responsive compartment. In contrast, if we fi  rst treat 
cells with siRNA and reduce VAMP protein levels and then 
transfect with the GLUT4 reporter, alteration in the intracellular 
localization or insulin-stimulated translocation would defi  ne a 
  Figure 8.       The effects of VAMP knockdowns 
on insulin restimulation of GLUT4 translocation 
  after endocytosis.   Fully differentiated adipocytes 
were cotransfected with a random siRNA or 
VAMP-speciﬁ  c siRNA plus the myc-GLUT4-GFP 
cDNA reporter. 72 h later, endocytosis assays 
were performed as described in Materials and 
methods. Cells were warmed to 37  °  C for 6 h 
followed by restimulation with 100 nM insulin 
for 30 min. The cells were ﬁ  xed and subjected 
to confocal ﬂ  uorescent microscopy for the lo-
calization of myc-GLUT4-GFP. These data rep-
resent the analysis of 15 cells/experiment from 
three independent experiments. Statistical anal-
ysis was performed using a one-way ANOVA 
followed by the Student-Newman-Keuls mul-
tiple range test. Identical letters indicate bars 
that are not statistically different from each 
other (P   <   0.05). Error bars represent SD.     JCB • VOLUME 180 • NUMBER 2 • 2008  384 
This is readily determined using a GLUT4 reporter that ex-
presses an exofacial epitope that is accessible to a high affi  nity 
antibody to only tag those molecules on the cell surface. Once 
internalized, those proteins that alter recycling to the insulin-
  responsive compartment after plasma membrane endocytosis 
are defi  ned as class IV. In this case, class IV proteins would be 
defi  ned as those that are not class II but affect the ability of inter-
nalized GLUT4 to undergo a second round of insulin-stimulated 
translocation. Within this framework, we identifi  ed VAMP8 func-
tioning as a class III protein. 
This compartment may overlap with more general traffi  cking 
compartments such as recycling endosomes. VAMP4 func-
tions to retrieve these wayward sorted GLUT4 proteins back to 
the TGN for resorting to the insulin-responsive compartment. 
This model also accounts for the dynamic retention of GLUT4 
as has been proposed based on kinetic arguments (  Zeigerer 
et al., 2002; Bogan et al., 2003 ;  Karylowski et al., 2004 ;  Muretta 
et al., 2007  ). 
  In any case, we can then expand this scheme to determine 
which proteins affect plasma membrane endocytosis (class III). 
  Figure 9.       The effects of VAMP8 knockdown on insulin restimulation of the internalized GLUT4 population.   Fully differentiated adipocytes were cotrans-
fected with a random siRNA or VAMP8-speciﬁ  c siRNA plus the myc-GLUT4-GFP cDNA reporter. 72 h later, endocytosis assays were performed as de-
scribed in Materials and methods. Cells were warmed to 37  °  C for 6 h followed by treatment with AlexaFluor647 anti  –  mouse secondary antibody at 4  °  C 
(to label the residual myc-GLUT4-GFP at the cell surface). Cells were washed and treated with or without 100 nM insulin for 30 min. The cells were ﬁ  xed, 
labeled with AlexaFluor594 anti  –  mouse secondary antibody, and subjected to confocal ﬂ  uorescent microscopy for the localization of myc-GLUT4-GFP. 
(A) Panels a  –  l depict representative images from each treatment condition. (B) The percentage of internalized, unblocked GLUT4 (AlexaFluor594-labeled 
GLUT4) at the cell surface was determined by confocal microscopy. These data represent the analysis of 15 cells/experiment from three independent 
experiments. Statistical analysis was performed using a one-way ANOVA followed by the Student-Newman-Keuls multiple range test. Identical letters indi-
cate bars that are not statistically different from each other (P   <   0.05). Error bars represent SD. Bar, 5     m.     385  TRAFFICKING STEPS OF R-SNARE FUNCTION   •   WILLIAMS AND PESSIN
Vector Laboratories, and Supersignal ECL reagents were purchased from 
Thermo Fisher Scientiﬁ  c and used according to the manufacturer  ’  s instruc-
tions. The polyclonal antibody against rat GLUT4 (IAO2) was obtained by 
immunizing rabbits with a GLUT4 C-terminal peptide as described previ-
ously (  Kao et al., 1998  ). The VAMP2 and GLUT4 antibodies were pre-
pared as previously described (  Thurmond et al., 1998  ). VAMP1, 3, 4, and 7 
polyclonal antibodies were purchased from Novus Biologicals. Polyclonal 
antibodies to VAMP5 and 8 were gifts from W. Hong (Institute of Molecular 
and Cell Biology, Singapore). The caveolin-1 antibody was obtained from 
Transduction Laboratories. The c-myc antibody was obtained from Santa 
Cruz Biotechnology, Inc. Anti  –  rabbit and anti  –  mouse IgG AlexaFluor sec-
ondary antibodies were purchased from Invitrogen, and HRP-conjugated 
secondary antibodies were purchased from Thermo Fisher Scientiﬁ  c. The exo-
facial myc-tagged GLUT4-EGFP reporter was constructed as previously 
described (  Thurmond et al., 1998; Kanzaki et al., 2004  ). 
  Double-stranded siRNA molecules were purchased from Am-
bion and were generated using the following target sequences: 
GGTTCGAC  TGAAAACTTTC and GGAAGGATCTAATCTTTTT (VAMP2), 
GCTCATGCT  CTTATGTTAG (VAMP3), CGTACGTTTGAGCTTATAA (VAMP4), 
GGGAAGGCTGAATGACTGC (VAMP5), GGAAATTCATGTGACTATG 
(VAMP7), and GCCACGTCTGAACACTTCA (VAMP8). The random control 
sequence was CCCAUGGACGACAACACAA. 
  Cell culture and transient transfection of 3T3L1 adipocytes 
  Murine 3T3L1 preadipocytes were purchased from the American Type 
  Culture Collection repository. Cells were cultured in DME supplemented with 
25 mM glucose and 10% calf serum at 37  °  C with 8% carbon dioxide. 
Cells were differentiated into adipocytes with the addition of 1   μ  g/ml insulin, 
1 mM dexamethasone, and 0.5 mM isobutyl-1-methylxanthine. Adipocytes 
were used in experiments 6  –  9 d after the initiation of differentiation. Cells 
were electroporated using the Gene Pulser II (Bio-Rad Laboratories) with set-
tings of 0.16 kV and 960 microfarads. For all experiments, 50   μ  g DNA and 
2  –  5 nmol siRNA were used for electroporation. After electroporation, cells 
were plated on glass coverslips and allowed to recover in complete medium. 
  Immunoﬂ  uorescence and image analysis 
  Differentiated 3T3L1 adipocytes transfected with the exofacially tagged 
myc-GLUT4-GFP cDNA and relevant siRNA constructs were grown on cover-
slips and serum starved in DME for 2 h before each experiment. Cells were 
then incubated with 100 nM insulin for 30 min or left untreated. Shortly after 
stimulation, cells were ﬁ  xed using 4% PFA for 10 min at room temperature. 
Cells were then blocked using 1% BSA solution with 5% donkey serum for 
1 h at room temperature. Coverslips were then incubated in primary anti-
body solution for 1 h at 37  °  C. After incubation, the coverslips were washed 
three times with PBS solution followed by incubation in secondary antibody 
  Recently, VAMP8 knockout mice have been shown to dis-
play defects in pancreatic acinar cell and platelet secretion ( Wang 
et al., 2004; Ren et al., 2007  ). However, in adipocytes, our data 
clearly demonstrated that in the absence of VAMP8, GLUT4 
is not properly retrieved from the plasma membrane. However, 
the population of GLUT4 that is internalized in the absence of 
VAMP8 was effectively sorted to the insulin-responsive storage 
compartment, where it underwent a second round of insulin-
stimulated translocation to the plasma membrane. Although Sec22b 
and Ykt6 are two additional R-SNARE proteins, Sec22b is clearly 
localized in transport intermediates between the endoplasmic 
  reticulum and the cis-Golgi, whereas Ykt6 is localized in the 
cis-Golgi and the Golgi stacks (  Hay et al., 1997  ;   McNew et al., 
1997  ;   Zhang et al., 1999; Zhang and Hong, 2001  ). Thus, because 
the levels of VAMP protein reduction were suffi  cient to block 
other specifi  c traffi  cking steps, the most likely conclusion is that 
VAMP2 functions as both a class II and IV protein. 
  In summary, we have established an experimental paradigm 
whereby we can identify the traffi  cking of GLUT4 into four func-
tional classes. Using this approach in combination with siRNA, 
we have defi  ned the functional sites of action for the VAMP fam-
ily of R-SNAREs in adipocytes: that is, VAMP4 functions as a 
class I protein, VAMP2 and 7 function as class II proteins, and 
VAMP8 functions as a class III protein. Because only a small 
subset of syntaxin and SNAP proteins have been studied in a lim-
ited context, this paradigm can now be used to place the entire 
Q-SNARE families as well as other traffi  cking protein effectors 
(Rabs, etc.) into distinct complementation groups that will allow 
for a more precise determination of functional specifi  city. 
  Materials and methods 
  Materials 
  Insulin, dexamethasone, isobutyl-1-methylxanthine, BSA, and donkey se-
rum were purchased from Sigma-Aldrich. Vectashield was obtained from 
  Figure 10.      Schematic model for the function of 
VAMP proteins in distinct intracellular trafﬁ  cking 
steps for GLUT4.   During biosynthetic sorting, 
VAMP4 functions to ensure the proper sorting 
of GLUT4 into specialized insulin-  responsive 
compartments (class I protein). Translocation 
from intracellular storage compartments to the 
plasma membrane is achieved through the 
function of class II proteins (VAMP2 [V2] for 
  insulin-stimulated translocation and VAMP7 
[V7] for osmotic shock  –  stimulated GLUT4 trans-
location). Plasma membrane endocytosis re-
quires class III protein function (VAMP8 [V8]). 
Recycling back to the insulin-responsive com-
partment after endocytosis requires class IV 
protein function. This function is probably 
mediated by VAMP2. In addition, VAMP2 ap-
pears to function in the biosynthetic sorting out 
of the TGN into the insulin-responsive vesicle 
compartment. OSV, osmotic shock  –  responsive 
vesicle compartment; IRV, insulin-responsive vesi-
cle compartment.     JCB • VOLUME 180 • NUMBER 2 • 2008  386 
3T3L1 adipocytes. Fig. S3 shows the effects of VAMP2 and 7 protein 
knock  downs on insulin- and osmotic shock  –  stimulated glucose uptake. 
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.200709108/DC1. 
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for 1 h at 37  °  C. Coverslips were again washed three times with PBS, 
mounted with Vectashield medium, and evaluated by confocal microcopy. 
Cells were imaged using a confocal ﬂ  uorescence microscope (LSM510; 
Carl Zeiss, Inc.). Images of 15 representative cells per condition were pro-
cessed using LSM510 software (Carl Zeiss, Inc.) to determine the ratio of 
plasma membrane GLUT4 (represented by the myc signal) over the total 
GLUT4 (the GFP signal). The data presented were collated from three to 
ﬁ   ve independent experiments. The results represent the mean   ±   SD for 
three to ﬁ  ve independent experiments. Images were imported into Photo-
shop (Adobe) for processing. 
  Statistical analysis 
  The GLUT4 reporter translocation data are presented as means   ±   SD. 
The data were analyzed by one-way analysis of variance (ANOVA) followed 
by the Student-Newman-Keuls multiple range test. Statistical analyses were 
made at a signiﬁ  cance level of P   <   0.05 using SPSS program version 13.0 
(SPSS, Inc.). Identical letters indicate bars that are not statistically signiﬁ  -
cant from each other. 
  Immunoblotting 
  Samples were separated by SDS-PAGE and electrophoretically transferred 
to polyvinylidene diﬂ  uoride membranes. The samples were immunoblotted 
with monoclonal- or polyclonal-speciﬁ  c antibody as indicated in ﬁ  gure leg-
ends. The primary antibodies were detected with HRP-conjugated anti  – 
mouse or anti  –  rabbit IgG antibodies. Speciﬁ  c signals were visualized, 
scanned, and analyzed with an imaging system (Molecular Imager FX; 
Bio-Rad Laboratories). 
  GLUT4 endocytosis assay 
  Insulin-stimulated transfected adipocytes were chilled to 4  °  C and incubated 
with the myc monoclonal antibody for 1 h to label GLUT4 at the plasma 
membrane. Cells were then washed to remove insulin and excess myc anti-
body as described previously (  Kao et al., 1998  ). The cells were placed at 
37  °  C and incubated for various times to allow the myc antibody  –  bound 
GLUT4 to internalize. For restimulation experiments, after 6 h of warm-up 
at 37  °  C, cells were treated with or without 100 nM insulin for 30 min. 
The reactions were stopped by washing once with ice-cold PBS and ﬁ  xing 
in 4% PFA and 0.2% Triton X-100 in PBS at room temperature for 10 min. 
The cells were incubated with AlexaFluor584 mouse secondary antibody 
at 37  °  C for 1 h. Translocation of myc antibody  –  bound GLUT4 from the 
plasma membrane to the intracellular pool was examined by immuno-
ﬂ  uorescence microscopy. 
  Plasma membrane sheet assay 
  Plasma membrane sheets were prepared from adipocytes as previously 
described (  Elmendorf et al., 1998  ). In brief, after the appropriate treatment 
(as described in the ﬁ  gure legend), coverslips were rinsed once in ice-cold 
PBS and incubated with 0.5 mg/ml poly-  L  -lysine in PBS for 30 s. Cells were 
then swollen in a hypotonic buffer (23 mM KCl, 10 mM Hepes, pH 7.5, 2 mM 
MgCl  2  , and 1 mM EGTA) by three successive rinses. The swollen cells were 
sonicated for 3 s in sonication buffer (70 mM KCl, 30 mM Hepes, pH 7.5, 
5 mM MgCl  2  , 3 mM EGTA, 1 mM DTT, and 0.1 mM PMSF). The bound 
plasma membrane sheets were washed twice with sonication buffer and 
used for indirect immunoﬂ  uorescence as described in the Immunoﬂ  uores-
cence and image analysis section. 
  2-Deoxyglucose assay 
  3T3L1 adipocytes were seeded in 12-well plates, and 2-deoxyglucose up-
take was determined as described previously (  Kanzaki and Pessin, 2001  ). 
In brief, cells were serum starved for 3 h before the assay. Cells were then 
washed twice with KRPH buffer (5 mM Na  2  HPO  4  , 20 mM Hepes, pH 7.4, 
1 mM MgSO  4  , 1 mM CaCl  2  , 136 mM NaCl, 4.7 mM KCl, and 0.1% [wt/vol] 
BSA) and left untreated or stimulated with 100 nM insulin or 600 mM 
sorbitol for 30 min. Glucose uptake was measured by incubation with 0.1 mM 
2-deoxyglucose containing 1     Ci/ml 2-deoxy-  D  -glucose [1,2- 
3  H] at 4  °  C for 
5 min. Transport was terminated by washing the cells three times with ice-
cold PBS. Cells were solubilized with 1% Triton X-100, and radioactivity 
was detected by scintillation counting. Nonspeciﬁ  c deoxyglucose uptake 
was measured in the presence of 20     M cytochalasin B and was subtracted 
from each determination to obtain speciﬁ  c uptake. Each value was corrected 
for protein content. 
  Online supplemental material 
  Fig. S1 shows the time course of VAMP protein expression after siRNA-
mediated gene silencing in 3T3L1 adipocytes. Fig. S2 shows quantiﬁ  -
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